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ABSTRACT 

The d i s s o c i a t i o n  energy and the equi l ibr ium bond l eng th  are determined 

f o r  CIlO a t  the f F r s t  o r d e r  CI l eve l  f n r  a variety of basis spes- These 

b a s i s  sets cons is ted  of both standard atomic centered b a s i s  sets and those  

inc luding  bond func t ions .  C I  c a l cu la t ions  were then performed on t h e  CR 

atom using only t h e  CR atomic centered b a s i s  set and t h e  CRO b a s i s  sets 

a t  t h e  CRO equi l ibr ium bond length. The b a s i s  sets with bond func t ion  are 

found t o  have a C I  

atomic centered b a s i s  sets. For a DZP atomic centered b a s i s  set augmented 

wi th  s, p ,  and d bond func t ion  the  C I  superpos i t ion  e r r o r  w a s  as l a r g e  

as 0.408 eV. 

superpos i t ion  e r r o r  many times t h a t  of t h e  s tandard  
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In t roduc t ion  

Peyerimhof f and Buenker' (PB) have shown t h a t  accu ra t e  d i s s o c i a t i o n  

ene rg ie s  can be obtained i f  they  use b a s i s  sets which con ta in  bond func t ions  

wi th  t h e  same maximum R-value as the atomic centered func t ions .  The f a c t  

t h a t  b a s i s  sets as s m a l l  as double ze t a  p l u s  s and p bond func t ions  

(DZ+Bf(sp)) can be  used t o  compute t h e  d i s s o c i a t i o n  energy of CkO wi th  

an  e r r o r  of on ly  2.6 kcal/mole seem t o  c o n t r a d i c t  t h e  s tandard  b e l i e f s  on 

t h e  accuracy of b a s i s  sets. I n  f a c t  f o r  N2 they  found t h i s  basis set pre- 

d i c t e d  a De which w a s  g r e a t e r  than t h e  experimental  determinat ion.  

The use of bondfunctions leads t o  some consis tency problems i n  appl ica-  

t i o n s  involving t h e  i n v e s t i g a t i o n  o f  s t r u c t u r e .  For example i n  t h e  calcu- 

lation of t h e  p o t e n t i a l  energy path between c y c l i c  and linear 

func t ions  i n  t h e  breaking bond would migra te  t o  t h e  c e n t r a l  atom in  t h e  

l i n e a r  geometry. I n  add i t ion  t o  t h e  problem of how t o  choose and l o c a t e  

bond func t ions ,  t h e  ques t ion  of superposi t ion e r r o r  is present .  

X3, t h e  bond 

I n  o rde r  t o  b e t t e r  understand t h e  r e s u l t s  of PB and t o  assess i f  t h e  

apparent  importance of t h e  bond funct ion outweighs t h e  a s soc ia t ed  problems, 

a series of c a l c u l a t i o n s  were performed on CEO and t h e  CR atom. 

Computational Details 

Our double z e t a  (DZ) b a s i s  sets are cons t ruc ted  as follows: Dunning's2 

DZ con t rac t ion  o f  t h e  Huzinga3 pr imi t ive  se t  is used f o r  oxygen (9s5p/4sZp), 

and Dunning's4 DZ con t r ac t ion  of  t h e  Veillard' p r i m i t i v e  se t  is used f o r  

Chlor ine (12s9p/6s4p). PB's b a s i s  set i s  s l i g h t l y  d i f f e r e n t  f o r  CR, us ing  

V e i l l a r d ' s '  con t r ac t ion  in s t ead  of Dunning's. This d i f f e r e n c e  i s  small and 

w e  chose Dunning's con t r ac t ion  because it has some a d d i t i o n a l  f l e x a b i l i t y  i n  

t h e  valence region. 

I 

The DZ p lus  po la r i za t ion  (DZP) b a s i s  set starts from t h e  
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DZ b a s i s  a n d  adds atomic centered  d p o l a r i z a t i o n  func t ions  t o  both  0 

and CIl. The va lue  of t he  exponent i s  t h a t  of PB; a ( C k )  = 0.50211 and 

a(0)  = 0.537333. The bond func t ions  were loca ted  a t  t h e  bond midpoint 

and t h e  exponents are those  of PB; a ( s )  = 0.6,  a ( p )  = 0 . 7  and 

a ( d )  = 0.5188. The no ta t ion  we use t o  descr ibe  t h e  a d d i t i o n  of bond 

func t ions  is; +Bf ( l i s t  of func t ions  added). For example a DZ b a s i s  

w i th  the  addi t ion  of s and p bond func t ions  would be  denoted, 

DZ + Bf(sp) .  

b a s i s  se t  starts wi th  t h e  same pr imi t ive  sets, b u t  c o n t r a c t s  them i n  a 

more f l e x i b i l e  manner, 0(9s5p/5s3p) and CR(12s9p/7s5p), then adds 2 sets 

of atomic d func t ions ;  a(0) = 1.85 and 0.55, and a(Ck) - 1.48 and 0.44. 

The DZ p l u s  two sets of p o l a r i z a t i o n  func t ions  (DZZP) 

Three add i t iona l  b a s i s  sets were used. DZP' uses  t h e  same DZ b a s i s  

sets as DZP, b u t  uses  d i f f e r e n t  d exponents,  a(0) = 0.75 and a(Ca) = 0.60. 

Two gene ra l  con t r ac t ions6  of t h e  p r i m i t i v e  sets of DZP' were used; 

G 1  0 (9sSpld/3s2pld) and CR (12s9pld/4s3pld) and 62 0 (9s5pld/4s3pld) 

and CR (12s9pld/5s4pld) . 
A l l  c a l cu la t ions  were performed using MOLECULE - noname' , except 

those  involving general con t r ac t ions  which used BIGGMOL1'- noname. 

CIlO has a 2B ground s ta te  wi th  occupat ion,  

We ran a 2 conf igura t ion  MCSCF inc luding  conf igu ra t ion  (1) and a second 

important configurat ion which i s  needed t o  d i s s o c i a t e  t o  n a t u r a l  CR and 

0 ,  

la2 (2) 
3 2a2 3a2 4 0 2  502 6a2 8a2 l~~ 2.rr4 3.rr . 

-2- 



I 

. 

Using t h e  o r b i t a l s  obtained from t h i s  MCSCF, we performed a first o rde rg  

C I  (FOCI) ca l cu la t ion .  The 1-6a and lII were he ld  f u l l y  occupied. 

This  corresponds t o  t h e  CR Is, 2s, 2p, and 3s and t h e  0 1s a n d  2s. 

A t  i n f i n i t e  s epa ra t ion  w e  t r e a t e d  t h e  system i n  a d i f f e r e n t  manner. 

We optimized t h e  o r b i t a l s  using a s ing le  SCF conf igu ra t ion ,  

la2 2a2 3a2 4a2 5a2 6a2 7a 8u 4 lli h4 3 3T 411. (3) 

We a l s o  performed t h e  FOCI as a 411 state. 

The c a l c u l a t i o n  of t h e  superposi t ion e r r o r  f o r  CR w a s  as follows. 

A single-configurat ion SCF was u s e d  t o  opt imize t h e  o r b i t a l s .  

r a t i o n  used w a s  

The configu- 

Two 

e x c i t a t i o n s  from conf igura t ion  ( 4 ) .  The f i r s t  c o r r e l a t e d  only  t h e  3p 

e l e c t r o n s ,  CI(3p) .  The second co r re l a t ed  both t h e  3s and 3p e l e c t r o n s ,  

C I  (3s3p). Both C I  c a l cu la t ions  used a cumulative - + s e l e c t i o n  ( t h i s  

procedure i s  descr ibed i n  references 10 and 11) and t h e  i n t e r a c t i n g  space." 

The magnitude of c o e f f i c i e n t  of ( 4 )  i n  t h e  C I  wavefunction i s  %.97. 

Therefore  a K of 1 w a s  employed i n  t h e  s e l e c t i o n  process .  For t h e  DZP 

b a s i s  w e  r an  tests with thresholds  of 1 X10-5 and 3 X This  i s  an 

i d e a l  case f o r  s e l e c t i o n ,  t h e  per turba t ion  e s t ima te  corresponds very c lose ly  

CI c a l c u l a t i o n s  w e r e  performed, both included a l l  s i n g l e  and double 

' t o  t h e  computed d i f f e rence .  Most ca l cu la t ions  u s e  a th re sho ld  of 1.0 x 

except  DZ2P, D Z P ' ,  G1 and G2 which use a threshold  of 3.0 X lo? Based 

on our  tests w e  estimate t h a t  our  C I  r e s u l t s  a r e  accu ra t e  t o  a t  least 
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1.0 x These c a l c u l a t i o n s  were performed f o r  CR with only t h e  

CR atomic centered func t ion ,  then repeated wi th  the  oxygen centered and 

bond functions a t  t h e  FOCI equi l ibr ium bond length.  

Resu l t s  and Discussion 

I n  Table I w e  have summarized t h e  r e s u l t s  of PB using bond func t ions ,  

along wi th  the r e s u l t s  of Arnold, e t  a1.l3 using a Slater b a s i s  and t h e  

experimental  de te rmina t ion  of Coxon, e t  al.14 The DZ + Bf(sp) and 

DZP + Bf(spd) r e s u l t s  of PB agree very  w e l l  wi th  t h e  l a r g e  STO b a s i s  

c a l c u l a t i o n  of Arno ld  and the experimental  r e s u l t .  

I n  Table If we have summarized t h e  r e s u l t s  of our FOCI on CEO and 

t h e  superposi t ion e r r o r  f o r  the SCF and both levels of C I .  The f i r s t  

t h ing  t o  note is t h a t  a l l  atomic centered b a s i s  sets give approximately 

t h e  same superposi t ion e r r o r ,  whi le  t h e  i n c l u s i o n  of bond func t ions  in- 

creases t h e  SCF supe rpos i t i on  e r r o r  only a small amount, bu t  g r e a t l y  in- 

creases t h e  C I  supe rpos i t i on  e r r o r .  The e f f e c t  is most pronounced when 

0 t h e  CR 3s is  c o r r e l a t e d .  

PB results show a l a r g e  (0.48 eV) inc rease  i n  De when a bond centered 

d func t ion  is added t o  t h e  DZP + Bf(sp) b a s i s  set. The same change i n  

b a s i s  has a very s m a l l  (0.05 eV) e f f e c t  on our FOCI r e s u l t s ,  b u t  shows a 

very  large (0.15 eV) i n c r e a s e  i n  the C I  supe rpos i t i on  e r r o r  f o r  Ck. 

Simi la r ly ,  the DZ + Bf(sp) r e s u l t s  which are much b e t t e r  than one would 

expect,  show a very l a r g e  C I  supe rpos i t i on  e r r o r .  

The apparaent success of PB with  bond func t ions  seems t o  r e l y  on a 

c a n c e l l a t i o n  of e r r o r s ,  t h e  inc rease  i n  C I  supe rpos i t i on  e r r o r  which can- 

c e l s  t h e  errors a s soc ia t ed  with a f i n i t e  b a s i s  and l i m i t e d  C I  expansion. 

While t h e s e  e r r o r s  appear t o  cance l  f o r  CRO and N2,  it does no t  seem safe 
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t o  assume they w i l l  cancel i n  general .  

conclude t h a t  t h e  bond func t ions  mus t  be used wi th  g r e a t  caut ion.  

It t h e r e f o r e  seems reasonable t o  

We would l i k e  t o  no te  some l e s s  ex tens ive  tests on C I  supe rpos i t i on  

e r r o r .  The DZP', G1 and G2 w e r e  a l l  run wi th  the  oxygen b a s i s  placed a t  

t h e  DZP FOCI equi l ibr ium bond length. 

more common d exponents r a t h e r  than t h e  atom optimized d func t ions  

increases t h e  C I  superposi t ion error only s l i g h t l y .  Also  t h e  supe rpos i t i on  

e r i o r  e r r o r  a s soc ia t ed  wi th  the  general  con t r ac t ions  is  e s s e n t i a l l y  t h e  

same as wi th  DZP b a s i s  sets. 

Conclusions 

The DZP' r esu l t s  show t h a t  using 

The C I  superposi t ion associated wi th  b a s i s  sets containing bond 

func t ion  is shown t o  be very l a r g e .  When atomic cen te r  d func t ions  

are a l s o  included t h e  C I  superposi t ion i s  reduced, but  can s t i l l  be very 

la rge .  For CR with  a DZP + Bf(spd) t h e  CI(3s3p)/SD supe rpos i t i on  

e r r o r  i s  0.41 eV,  o r  15% of the  d i s soc ia t ion  e r r o r .  It is  concluded t h a t  

bond func t ions  should be avoided and atomic centered p o l a r i z a t i o n  func t ions  

used. 
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Table I. 

Previous CllO Results 

Basis De (ev) Re (bohr) 

DZ + Bf(sp)a  

DZP + Bf(sp)a  

DZP + B f  

ST06 

2.69 

2.28 

2.76 

2.75 

2.8032 0.001 

a ref 1. 

3.06 

2.966 

b ref 12. 

c re€ 13. 
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Table 11. 

Summary of FOCI Resul t s  f o r  CRO and Superpos i t ion  Error  f o r  t h e  CR Atom. 

CI1 
Superpos i t ion  Error  (eV) 

SCF CI (3p) CI (3s3p) 

DZ 

DZ + Bf (sp) 

DZP 

DZP + B f  (sp)  

DZP + Bf(spd) 

DZ2P 

DZP ' 
G 1  

G2 

3.46 1 . 1 2  

3.15 2.15 

3.09 2 . 2 4  

3.08 2.40 

3.08 2.45 

3.03 2.52 

e- 7 naa -. 
3.0ga 

3. Oga 

0.004 

0.013 

0. ooa 

0.022 

0.025 

0.012 

n i nn-? 

0.007 

0.006 

0.022 

0.259 

0.041 

0.101 

0.155 

0.049 

c! i 056 

0.059 

0.055 

0.087 

0.702 

0.087 

0.256 

0.408 

0.103 

n;n92 

0.097 

0.092 

%ZP equi l ibr ium bond l eng th  used. 

-9- 

! 


